Previous studies have shown that dipole-bound excited states exist for certain small anions. However, valence excited states have been reported for some closed-shell anions, but those with singlet valence excited states have, thus far, contained a single silicon atom. This work utilizes high-level coupled cluster theory previously shown to reproduce excited state energies to better than 0.1 eV compared with experiment in order to examine the electronic excited state properties of anions containing silicon and other higher main group atoms as well as their first row analogues. Of the fourteen anions involved in this study, nine possess bound excited states of some kind: 
Introduction
In the search for carriers of unexplained interstellar absorption spectra, the electronic properties of rarely studied systems offer a viable new avenue of research to explore. The set of as-of-yet unexplained visible to near-infrared peaks known as the diffuse interstellar bands (DIBs), for example, has remained a mystery for nearly a century (Sarre 2006 ).
However, it has been suggested that anions may be responsible for some of the DIB features (Sarre 2000; Cordiner & Sarre 2007) . Recent work has shown a relative richness of electronic absorption features below the electronic binding energy (eBE) (Simons 2008 (Simons , 2011 for some anions that exhibit singlet dipole-bound excited states and even some species that appear to possess additional valence excitations (Fortenberry & Crawford 2011b ,a) For any dipole-bound anion, the corresponding radical must possess large a dipole moment (Fermi & Teller 1947; Turner & Fox 1966; Coulson & Walmsley 1967; Crawford & Dalgarno 1967; Jordan & Luken 1976; Turner 1977; Crawford & Garrett 1977; Gutowski et al. 1996; Wang & Jordan 2002; Jordan & Wang 2003) in order for the electron to remain bound within the system. In an ideal situation the dipole moment must be at least greater than 1.625 D (Fermi & Teller 1947; Turner & Fox 1966; Coulson & Walmsley 1967) and probably closer to 2.5 D (Cordiner & Sarre 2007; Gutsev & Adamowicz 1995; Ard et al. 2009 ) typically in a highly diffuse orbital (Mead et al. 1984) . However, valence ground and excited states may exist below the single dipole-bound state which functions as the upper excitation energy limit since the dipole-bound state excitation energy must be nearly coincident with the eBE (Simons 2008) .
"Bound excited valence states in molecular anions are rare" (Brinkman et al. 1993 ).
However, some anions are known to exhibit valence electronic excitations, but most of these are open-shell anions where excitations do not have to overcome the additional energy barrier of sorts involved in splitting an electron pair while still remaining below the eBE.
Negatively charged small fragments or atoms (Brinkman et al. 1993) and, especially, carbon chains (Maier 1998; Jochnowitz & Maier 2008; Zhoa et al. 2009 ) have been documented to possess bound valence excited states. Additionally, some anions, including many with second row atoms, are known to possess triplet excited states above the ground state (Meloni et al. 2004; Pino et al. 2004; Sheehan et al. 2008; Inostroza & Senent 2010) where the energy splitting between the ground state (which may either be singlet or triplet) and the triplet excited state is relatively small. Much larger anions are also known to possess excited states, (Brinkman et al. 1993; Sobczyk et al. 2003 ) and such behavior is relevant to the study of many biological species (Chen & Chen 2001 ).
However, a new set of small, closed-shell singlet anions have been studied previously for their electronic properties (Fortenberry & Crawford 2011b,a) . They represent an emerging class of anions that are not: 1) large, long, or exotic, 2) atomic, elemental, or diatomic, or 3) radical, diradical, or open-shell. They are closed-shell anions of three to seven atoms (with no more than four heavy atoms) that are composed of common substituent groups.
Silicon is present in each of the small singlet systems where previous study indicates the existence of valence excited states (Fortenberry & Crawford 2011b,a) . Silicon and other higher row main group elements are well-known to have very different bonding environments than their more common C, O, and N (first row) analogues (Kutzelnigg 1984; Driess & Grützmacher 1996; Power 1999; Brown & Borden 2000; Owens et al. 2006; Woon & Dunning 2009 , 2010 . Silicon provides many unexpected differences in the molecular structures as compared to carbon molecules of the analogous chemical formula including the butterfly conformer of Si 2 H 2 and cyclic Si 3 (Li et al. 1995; Chesnut 2002; Reilly et al. 2012) . Steric effects from the presence of the larger n = 3 orbitals in the higher row atoms inhibit standard valence bond sp 3 /sp 2 hybridization or electron pair recoupling (Woon & Dunning 2011 ) making molecules containing these atoms "reluctant to hybridize" (Kutzelnigg 1984; Driess & Grützmacher 1996; Owens et al. 2006) . The lack of hybridization is most extreme in second row atoms, most notably for silicon, which forms strong σ bonds due to an increase in its inclusion of the s-type atomic orbitals (Power 1999; Brown & Borden 2000; Owens et al. 2006) . Hence, silicon is even less likely to create bonds of significant hybridized character than its rowmates phosphorus and sulfur. The increase in s character is most straightforwardly observed in 1 A 1 SiH 2 where the optimal bond angle is 92.1
• , (Dubois 1968; Driess & Grützmacher 1996) much closer to 90
• than 102
• , which the bond angle for singlet carbene (Bourissou et al. 2000) . Even so, the carbene carbon here exibits similar effects since the bond angles in both 1 A 1 CH 2 and SiH 2 are much less than the 120
• bond angle expected for standard sp 2 hybridized atoms (Woon & Dunning 2011 ).
The previous work examining the singlet excited states of the aforementioned small, closed-shell anions (Fortenberry & Crawford 2011b ) employed coupled cluster methods to reproduce the experimental eBEs and the lone dipole-bound state excitation energies of Sarre 2000; Cordiner & Sarre 2007; Lykke et al. 1987) and CH 2 CHO − (Mead et al. 1984; Mullin et al. 1992 Mullin et al. , 1993 to within 0.06 eV or better. The same accurate methodology was extended to provide likely dipole-bound and valence excited states of other anions for which experiments have not yet been performed. The present study employs the same methodology and is an examination of the excited state properties of similar molecular anions containing the second row elements aluminum, silicon, phosphorus, and sulfur and how they relate to their first row analogues. Some systems analyzed have been constructed to produce structures related to those where the previous computational studies indicate the presence of dipole-bound and valence excited states for silicon-containing species (Fortenberry & Crawford 2011b,a) . Other anions of interest to this work are unique attempts to find if the larger atoms play a role in the stabilization of valence excitations below the eBE. The search for dipole-bound states provides motivation for analysis of these types of systems, but the search for even rarer valence states offers a more fascinating result.
It is currently unknown how anions may affect attribution of the DIBs, but the probable existence of excited states for previously unexamined molecules may hold some new insight into this near-century-old problem.
Computational Details
Coupled cluster theory is one of the most accurate quantum chemical methods developed to date, (Helgaker et al. 2004; Lee & Scuseria 1995; Shavitt & Bartlett 2009 ) and our past (Fortenberry & Crawford 2011b,a) and current computations of excited states of anions exclusively utilize this method extensively. The geometries are optimized at the coupled cluster singles, doubles, and perturbative triples level [CCSD(T)] (Raghavachari et al. 1989) in conjunction with Dunning's singly augmented correlation consistent triple-zeta basis set, aug-cc-pVTZ (Dunning 1989; Peterson & Dunning 1995) and aug-cc-pV(T+d)Z for the higher row atoms (Dunning et al. 2001) . Spin-restricted (RHF) (Scheiner et al. 1987; Lee & Rendell 1991) reference wavefunctions are used in computations involving the closed-shell anions while spin-unrestricted (UHF) (Gauss et al. 1991; Watts et al. 1992) wavefunctions are chosen for the open-shell radical computations.
Dipole moments are computed at the UHF-CCSD/aug-cc-pVTZ level of theory from the UHF-CCSD(T)/aug-cc-pVTZ optimized geometry of the radical.
The computation of vertically excited states from the RHF-CCSD(T)/aug-cc-pVTZ 1 reference geometry makes use of equation of motion coupled cluster (EOM-CC) theory (Stanton & Bartlett 1993; Monkhorst 1977; Mukherjee & Mukherjee 1979 ) with increasingly diffuse basis sets constructed in an even-tempered fashion. Inclusion of this series of basis
1 The aug-, n-aug-, and cc-pV(X+d)Z basis sets for the higher row atoms are simply referred to as the aug-, n-aug-, and cc-pVXZ basis sets beyond the Computational Details section for ease of discussion.
6 sets provides evidence as to the classification of whether a state is valence or dipole-bound.
A precipitous decrease in excitation energy from a standard cc-pVXZ (where X=D or T) basis set (Dunning 1989; Peterson & Dunning 1995; Dunning et al. 2001 ) to t-aug-cc-pVXZ
indicates the presence of a dipole-bound state. However, such is only the case if the excitation energy is below or within a computational limit (usually 0.1 eV) of the vertical eBE (Fortenberry & Crawford 2011a) computed with the same level of theory and basis set for the reference geometry. These vertical eBEs are computed with the equation of motion coupled cluster theory for ionization potentials (EOMIP) (Stanton & Gauss 1994 ) approach where an electron is removed from the HOMO of the anion. A valence state must also be less energetic than the vertical eBE, but its transition energy is typically much less than this limit and certainly below that of the dipole-bound state excitation energy (Fortenberry & Crawford 2011b; Simons 2008) . Additionally, the decrease in vertical excitation energy with more diffuse basis sets is much less striking for a valence state where nearly all of the necessary orbital extent is recovered with the use of the aug-cc-pVXZ basis . Convergence is thus clearly achieved for computations involving the other, more highly diffuse bases.
Adiabatic computations of the eBEs and excitation energies further provide insight into the potential existence of either type of excited state since they allow for a more direct comparison to experiment (Fortenberry & Crawford 2011b,a) . Adiabatic eBEs represent the energy difference between CCSD(T)/aug-cc-pVTZ optimized geometries of the neutral and the anion (Simons 2011 while all other computational results were obtained using the PSI3 suite of computational chemistry programs (Crawford et al. 2007 ).
Results and Discussion
The presence of valence excited states in silicon-containing anions from our previous studies (Fortenberry & Crawford 2011b,a) has led us to to explore if silicon's properties are unique in the retention of anionic excited states, especially valence states, or if the general properties of higher row atoms allow for behavior similar to that previously computed. The systems chosen for this study all have closed-shell ground states that are valence in nature.
In order to meet this requirement, the first set of systems considered have a methylene group on one end of the structure and a single "dipole moment inducing" atom (labeled as M) on the other where the two are bridged by our atom of interest, X. These anions have the form CH 2 XM − since CH 2 SiN − appears to possess both valence and dipole-bound excited states. In the CH 2 XM − systems, X=N, P, O, and S which compare with X=C and Si from (Fortenberry & Crawford 2011b) . M equals N when X is either O or S, but M=O where X=N and P. The choice of M is limited to first row atoms of groups 15 or 16 due to electronegativity effects, which influence dipole moment strength, and the lack of dipole-bound states previously computed for fluorine containing anions (Fortenberry & Crawford 2011b ).
The second set of systems studied are carbide groups paired with XH n groups. Here the X atoms studied are C, N, O, Si, P, and S. The n values are 2 when X=N and P, and n = 1 for all other systems. This construction gives six different anions including C 3 H − and CCSiH − . These are chosen since the carbide containing CCSiN − has been shown to possess two valence excited states, (Fortenberry & Crawford 2011a ) and we are exploring how the carbide moiety can affect atoms in both rows without the inclusion of further influence from the additional N atom present in CCSiN − .
The third class of systems in this study is the 1 A XH 3 YH − 2 systems where X=B or Al and Y=N or P. Related systems, with BH 3 NH 3 being the most notable, have been the subject of much computational study, especially with regards to the nature of the X−Y bond length, stretching frequency, and dissociation Binkley & Thorne 1983; Marsh et al. 1992; Leboeuf et al. 1995; Reinemann et al. 2011; Sams et al. 2012 ).
Presently, this system allows us to probe anions with group 13 elements and further explore group 15 elements. The group 15 atoms of the XH 3 YH − 2 systems are chosen to be the Y atoms in the YH 2 groups. This arrangement creates dipole moments in the radicals large enough to allow potentially for dipole-bound states. Additionally, some anionic and corresponding radical systems with the group 13 atoms in YH 2 are not stable structures.
Excited States of CH 2 XM
− Anions Table 1 and Table 2 provide a summary of the data for each of the systems of interest for this work. The first system similar to CH 2 CN − and CH 2 SiN − listed in Table 1 is shown previously for the radical (Shapley & Bacsky 1998) . The adiabatic eBE for CH 2 ON − cannot actually be determined here since the C 1 computations are not well-behaved in the SCF step. However, it can clearly be determined that the eBE will be lower than 0.46 eV, which is the adiabatic eBE from consideration of the planar CH 2 ON radical and the optimized asymmetric anion. This upper bound negates the existence of any stable excited states for CH 2 ON − and is much lower in energy than the vertical eBE. Even though two vertically excited states are computed to lie below the vertical eBE, only one of these dipole-bound states could exist if the adiabatic eBE was much higher (Fermi & Teller 1947; Simons 2008 kcal/mol, which is in agreement with previous computations at various levels of theory (Shapley & Bacsky 1998 , 1999 . These two anions have comparable dipole moments of ∼ 2.3 D as shown in Table 1 . CH 2 NO − and its excited state properties have been previously examined by Fortenberry & Crawford (2011b) , but they are relevant for this discussion.
The 1.55 eV adiabatic excitation energy to the lowest excited state (2 1 A ) is more than 0.1 eV higher than the 1.42 eV adiabatic eBE, which indicates that this state does not exist.
However, vertical excitation energies from the RHF-CCSD(T)/aug-cc-pVTZ optimized geometry reported in Table 2 show a clear pattern of energy decrease with the inclusion of more diffuse functions indicative of a highly diffuse dipole-bound state. Interestingly, the vertical CCSD/t-aug-cc-pVTZ eBE computed via EOMIP is much higher than the vertical EOM-CCSD/t-aug-cc-pVTZ 2 1 A state energy. However, the adiabatic results better model physical behavior and this leads to the conclusion that, again, CH 2 NO − probably does not possess any bound singlet excited states.
Phosphorus substitution for the nitrogen atom in CH 2 NO − to give CH 2 PO − and sulfur substitution of the oxygen atom in CH 2 SN − both appear to give dipole-bound states.
CH 2 PO radical's dipole moment of 2.477 D is well above Fermi and Teller's (Fermi & Teller 1947 ) theoretical 1.625 D necessary dipole moment for a dipole-bound state in the corresponding anion and right at Gutsev and Adamowicz's (Gutsev & Adamowicz 1995) more practical 2.5 D limit. The 2.477 D dipole moment for CH 2 PO is higher than either of the previous first row analogues, indicating that presence of the second row atom has some effect on the system.
The adiabatic transition energy to the first excited state of CH 2 PO − , 1 1 A , is computed to be 2.89 eV, while the eBE is 2.82 eV. This is within the 0.1 eV limit of computational accuracy. Vertically, the eBE is 2.79 eV, and the vertical excited state energy for the t-aug-cc-pVDZ basis set is the same. Coupling these factors with a steep decline in the vertical excitation energy for increasingly more diffuse basis sets shown in Table 2 gives classic behavior of a dipole-bound excited state. However, the excitation into a highly diffuse s-type (totally symmetric) orbital necessitates that the term for the dipole-bound excited state must be directly related to the term of the radical, 2 A in this case. There is a second excited state of CH 2 PO − , 2 1 A , that has an adiabatic excitation energy (3.08 eV) much higher than 2.82 adiabatic eBE. Its t-aug-cc-pVDZ vertical excitation energy of 2.81 eV is only 0.02 eV higher than the vertical eBE. Another key hallmark of a dipole bound state is that due to the diffuseness of the orbital in which the bound electron is held, the excited anion will take on not only the similar term but also the geometry of the radical whose dipole moment is binding the electron. Figure 2d shows that the 2 1 A CH 2 PO − geometry is very much like the Figure 1d CH 2 PO geometry. Additionally, only one dipole bound state can exist for any given anion (Fermi & Teller 1947; Simons 2008) . Hence, the 2 1 A state is actually the dipole-bound state, but the adiabatic results for this dipole-bound excited state do not suggest that it will be stable since it is more than 0.1 eV higher than the eBE. Differently, the lower 2 1 A state is the dipole-bound state since the adiabatic eBE in Table   1 is 0.03 eV above the excitation energy, the basis set convergence in Table 2 is consistent with dipole-bound states, and the geometry of the radical in Table 1 is comparable to that of the optimized 2 1 A state.
For CH 2 SN, both the radical and the anion are planar while its first row analogue, CH 2 ON, is asymmetric in both electronic occupations. The "reluctance to hybridize" (Kutzelnigg 1984; Driess & Grützmacher 1996) Molecules containing a carbide group have gained recent interest in relation to the diffuse interstellar bands, (Linnartz et al. 2010; Maier et al. 2011 ) and this moiety is present in CCSiN − , which has been shown to possess two valence states (Fortenberry & Crawford 2011a ). As a result, simple anions of the CCXH − n family where X=C, N, and O, as well as their second row analogues Si, S, and P, are examined here. An interesting feature of the entire CCXH − n family of anions is that the corresponding radicals all have very large dipole moments from 3.409 D for C 3 H to nearly 6 D for C 2v CCNH 2 . This behavior does not vary for the inclusion of the first or second row atoms; the carbide moiety is responsible for the large dipole moments. Previous computations of the dipole moment for CCOH are consistent, (Yamaguchi et al. 1998; Fortenberry & Crawford 2011b ) and the 3.409 D dipole moment of C 3 H is also in line with previous CASSCF computations of its dipole moment, 3.163 D, by Takahashi and Yamashita (Takahashi & Yamashita 1996) .
The C 3 H − system has received much attention over the past two decades (Takahashi & Yamashita 1996; Ochsenfeld et al. 1997; Pachkov et al. 2001; Pino et al. 2004; Sheehan et al. 2008 ) mainly examining the anion to neutral (triplet to doublet) photochemistry.
Even though it has been reported that the cyclic singlet is the most stable isomer of C 3 H − , (Sheehan et al. 2008 ) consistency for the scope of this study and how C 3 H relates to the other anions from groups 15 and 16 in these CCXH kcal/mol lower in energy than the 1 A C 3 H − isomer. The pseudo-linear singlet isomer is 6.9
kcal/mol lower in energy than 3 A C 3 H − .
Fascinatingly, pseudo-linear C 3 H − appears to possess a valence state. Table 1 shows that the adiabatic excitation energy of the 1 1 A ← 1 1 A transition at 0.93 eV is much less than the 1.83 eV adiabatic eBE. The vertical excitation energies for the increasingly diffuse basis sets given in Table 2 decrease from 1.21 eV for cc-pVDZ merely to 1.15 eV for aug-cc-pVDZ and to 1.14 eV for the converged excitation energy for d-and t-aug-cc-pVDZ.
The converged vertical excitation energy is well below the 2.34 vertical eBE. Finally, the excited state geometry given in Figure 2k is markedly different from the radical geometry in Figure 1k , especially for the H−C 3 −C 2 bond angle. Differently, the vertical excitation energy of the 2 1 A ← 1 1 A transition at 2.37 eV for t-aug-cc-pVDZ is just above (but within computational accuracy of) the vertical eBE. However, the adiabatic computations put this state at 2.05 eV, 0.22 eV above the adiabatic eBE. Our analysis strongly indicates that a valence state is present in this anion. It may yet possess a dipole-bound state in addition to its valence excited state, but our computations do not strongly support this interpretation.
The silicon analogue, CCSiH − , exhibits similar behavior. The 2.06 eV 1 1 A ← 1 1 A excitation energy is also well under the 3.11 eV adiabatic eBE. Figure 1k is 162.7
• . The ground state anionic C−Si−H bond angle is much closer to perpendicular at 99.8
• as shown in Figure 1l . The similar C−C−H bend in C 3 H − allows its orbitals to behave more like those in CCSiH − than in previous first-row-only anions studied. One interpretation of this result is that the central carbene carbon in the C−C−H bond angle in C 3 H − has less "hybridized" character since the C−C−H bond angle is noticeably less than the desired 120
• typically associated with an sp 2 carbon. Such a result is, again, a well-known property of singlet carbenes (Bourissou et al. 2000) . Consequently, the carbene carbon is behaving more like silicon, which is much less likely to hybridize (Kutzelnigg 1984; Driess & Grützmacher 1996) (Driess & Grützmacher 1996; Dubois 1968) .
Further interpretation of the presence of valence states and the C−X−H bond angles of less than 120 • in both C 3 H − and CCSiH − is that the the amount of recoupled pair bonding in C 3 H − is much less than that present in typical carbon systems and is more like that from higher row, early p-block atoms such as silicon (Woon & Dunning 2011; Shaik et al. 2012 ).
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The presence of the CCOH − dipole-bound 1 1 A excited state is unclear (Fortenberry & Crawford 2011b ). However, the existence of the dipole-bound 1 1 A excited state of the sulfur analogue analyzed in this study, CCSH − , is more promising. This corresponding radical was first analyzed photochemically to compare its chemistry to CCOH and HCCO (Venkatasubramanian & Krishnamachari 1991 2 is 2.00 eV, while the adiabatic eBE is nearly coincident at 1.97 eV, which is within the computational limit for this state to exist. The vertical computations fully place the eBE higher than the excitation energy. Additionally, the optimized bond angles and bond lengths of the anion excited state and those of the radical given in Figure 1e & Figure 2e show a strong correspondence, and the excited state is of C 2v symmetry like that of the radical. Hence, the first excited state of CCNH − 2 is the dipole-bound state. No valence states exist.
The second row analogue, CCPH − 2 , exhibits similar dipole-bound behavior in its 2 1 A state. The dipole moment of the radical is smaller than the N analogue, but it is still quite large at 4.759 D. The 2 1 A state excites at 3.16 eV from adiabatic computations.
The adiabatic eBE is slightly more than this at 3.21 eV, which is strong evidence that this state is bound upon excitation. Additionally, the energy progression with increased diffuse character of the basis set for the vertical excitation energy of this CCPH 
Excited States of XH
The XH 3 YH 2 systems are all depicted in Figure 1 and Figure 2 in items g-j. These systems are based on the dative bonding molecule ammonia borane, BH 3 NH 3 , but the removal of a hydrogen from the nitrogen changes the bonding chemistry. For instance, experiment and theory both agree that the B−N bond length in standard ammonia borane is 1.657Å Sams et al. 2012 ). The lone pair on the ammonia molecule fills the empty out-of-plane p orbital in the borane. Hence, the bonding environment is not truly covalent but dative as evidenced by the long B−N bond length. However, our systems have shorter B−N bond lengths than other dative structures. As shown in Figure   1g , the 1.448Å B−N bond length in BH 3 NH 2 is much less than the standard ammonia borane dative bond. Even though the anion has a longer B−N bond than the radical at 1.584Å, this bond is still much shorter than dative bonds in similar systems (Reinemann et al. 2011 ).
The molecules examined for this study appear to have a combination of dative and covalent bonding due to the presence of bonds longer than typical covalent bonds but not as long as dative bonds. For instance, BH 3 NH − 2 can be thought of as the aminoborane anion, a C s molecule with the plane of symmetry contained in the B−N bond bisecting the H−N−H bond angle. The borane still has its empty p orbital which is filled not by the nitrogen's lone pair but by another pair of electrons from the nitrogen giving a standard covalent interaction while nitrogen retains its lone pair. Hence, the bonding is mixed from the covalency of the amino group and the dative interaction originating from the borane.
The ground state of the BH 3 NH 2 radical actually has a different geometrical conformation than the anion. Its geometry is rotated so that the plane of symmetry in this C s radical contains both the B−N bond and the H−N−H bond angle.
The aminoborane anion, BH 3 NH − 2 , gives some evidence for the possession of a dipole-bound excited state. The radical has a dipole moment (2.524 D) large enough for one to exist, but the 2.28 eV adiabatic eBE given in Table 1 is much lower than the adiabatic excitation energy to the 2 1 A state at 2.53 eV. Differently, the vertical eBE of 2.88 eV given in Table 2 is coincident with the converged vertical excitation energy for this state.
Even though the energy difference between the eBE and excitation energy adiabatically appears to be too great to support a dipole-bound state, the vertical computations show that if this excited state does exist it is probably dipole-bound. The 2 1 A state of
has a geometry similar in many respects to that of the radical from the the bottom values of Figure 1g & Figure 2g , but the H−B−H bond angle discrepancies highlight that these are geometrically different enough for the 2 1 A state not to be purely dipole-bound. There is mixing in the character of the excited state wavefunction, and it is great enough to 18 stabilize this state before it assumes an optimized geometry similar to that of the radical.
Regardless, our adiabatic energy difference in the eBE and excitation energy of 0.25 eV is probably too great for this excited state to exist.
Not surprisingly, both the BH 3 PH 2 radical and anion have longer central bonds than the analogous aminoborane compounds due to the larger valence orbitals present in the phosphorus atom. Figure 1h shows this increase to be on the order of 0.4Å for the anion and 0.5Å for the radical. Also, the B−P−H bond angles are smaller in the BH 3 PH 2 systems than the B−N−H bond angles in the BH 3 NH 2 systems. This is, again, typical of second row atoms (Driess & Grützmacher 1996) . Additionally, the C s BH 3 PH 2 radical has its plane of symmetry bisecting the H−P−H bond angle. This is consistent with the corresponding anion but different from the BH 3 NH 2 radical. The dipole moment of BH 3 PH 2 is slightly larger than its first row analogue at 2.889 D. This makes it large enough for the corresponding anion to possess a dipole-bound state, which it appears to have. Table   1 shows the adiabatic excitation to the 2 1 A state of BH 3 PH − 2 to be 2.78 eV, while the adiabatic eBE is within our 0.1 eV cutoff at 2.74 eV. The adiabatic eBE is also nearly 0.5 eV greater than the BH 3 NH − 2 adiabatic eBE. The vertical excitation energy converges to the same value as the vertical eBE, 3.26 eV, for the double-zeta basis sets. Hence, the lone stable excited state, the 2 1 A state, of BH 3 PH − 2 appears to dipole-bound.
The insertion of aluminum into the XH 3 YH − 2 systems brings about some interesting chemistry. From Figure 1 , the Al−N bond (1.887Å) in AlH 3 NH − 2 is longer than the original B−N bond (1.584Å), but it is not quite as long the B−P bond in BH 3 PH − 2 (2.013 A). Additionally, the Al−N bonds in both the AlH 3 NH 2 radical and anion are shorter than the previously computed Al−N bond lengths in AlH 3 NH 3 , which are more than 2.0 A, irrespective of the level of theory employed (Marsh et al. 1992; Leboeuf et al. 1995) . This is similar to the mixed covalent/dative bonding in the boranes above. However, the N−Al−H bond angle contained within the plane of symmetry in these C s molecules is beyond perpendicular for both the AlH 3 NH 2 (68.2
• ) and AlH 3 PH 2 (69.7
• ) radicals. The anions revert back to more typical bond angles (Marsh et al. 1992; Leboeuf et al. 1995) once the out of plane p orbital in the N or P atom is filled to give the standard lone pair.
Both alane species, AlH 3 NH − 2 and AlH 3 PH − 2 , have two excited states adiabatically either below or within 0.1 eV of their respective eBEs as given in Table 1 . The inclusion of aluminum significantly increases the eBEs as compared to the aminoborane or phosphinoborane anions, especially when phosphorus is also included. The corresponding radical to AlH 3 NH − 2 has the stronger dipole moment at 2.579 D whereas the dipole moment of AlH 3 PH 2 is somewhat below Gutsev and Adamowicz's (Gutsev & Adamowicz 1995) 2.5 D limit at 2.167 D. This ensures that neither dipole moment is strong enough to bind a second dipole-bound state and maybe not a first (Fermi & Teller 1947; Gutsev & Adamowicz 1995; Simons 2008 ). The only way that both states in each alane anion may be retained is if one is valence. Table 2 gives the vertical excitation energies and eBEs for both the 2 1 A and 1 1 A states of both alanes. In each of the two cases, the higher 1 1 A state excitation energy (3.85 eV and 3.86 eV, respective of AlH 3 NH − 2 and AlH 3 PH − 2 ) is in the range of what we expect for a classic dipole-bound state since the eBEs are 3.80 eV and 3.85 eV, respectively. The basis set convergence confirms the dipole-bound character for both states of both anions. However, if the lower energy excited states are dipole-bound, only the lower energy states can exist since only one dipole-bound state is allowed for these dipole moment magnitudes (Fermi & Teller 1947) .
The classification of the lower 2 1 A states for each alane anion is a bit more nebulous.
Due to the orbitals involved in the excitation with the highly diffuse basis sets, no vertical excitation energies for the cc-pVDZ or cc-pVTZ basis sets could be conclusively linked to comparable excitations utilizing the more diffuse basis sets. This is marked in Table 2 • . Similar to BH 3 NH 2 , these two closely related cases appear to have mixed valence/dipole-bound character, the most of which for any anionic excited states examined so far with this methodology. It is unclear if the valence character mixed into these excited states is large enough to allow the higher, clearly dipole-bound states to exist above them. Regardless, the presence of at least one excited state, the 2 1 A , in the electronic spectra is possible for both AlH 3 NH − 2 and AlH 3 PH − 2 .
Conclusions
In the further examination of singlet excited states of small, closed-shell molecular anions, specifically those that may possess valence excited states, we have examined new species containing the second row atoms Al, Si, S, and P. Of the twelve new anions examined here with further inclusion of CH 2 NO − and CCOH − previously studied by Fortenberry & Crawford (2011b) , nine exhibit definite bound excited state character: The only silicon system examined in this study, CCSiH − , possesses two excited states:
one valence and one dipole-bound. Interestingly, the carbon analogue, C 3 H − , also exhibits both a single valence excited state and a dipole-bound excited state. This is possibly the result of similar orbital arrangements present in both systems that was not present in those first and second row analogues previously studied. In this regard, silicon does not appear unique in its ability to foster valence singlet excited states in anions. Even so, when varying the atoms at all non-hydrogen and non-dipole-inducing positions, only the inclusion of group 14 atoms has been shown to contribute to stable valence excitations for closed-shell
anions. This could also be true for inclusion of a directed group 15 and 16 atom since the presence of these second row atoms increases the eBEs noticeably as compared to their first row analogues. However, the properties of anions with group 15 and 16 atoms do not appear as favorable for the existence of valence excited states of closed-shell anions based on the systems analyzed both here and previously (Fortenberry & Crawford 2011b,a The presence of second row atoms in the types of closed-shell anions examined thus far increases the likelihood of dipole-bound excited states since the eBE and dipole moments are both increased with the larger atoms. Combining these facts with the increased prevalence of mixing for valence and dipole-bound character in the excited state wavefunction indicates that the larger atoms create environments more favorable for excitation of electrons in closed-shell anions, but the anions built around group 14 atoms, especially silicon, are the most favorable for anion excitation.
Finally, direct attribution of known DIBs to computed anionic excitations is impractical for the present level of computational accuracy. However, the accuracy range combined with the density of the DIBs (with a band present every nm or so between 400 nm and 880 nm) gives many options for correlation between the computed transitions of our set of anions and the various DIBs (Joblin et al. 1990; Jenniskens & Desert 1994; Jenniskins & Désert 1995) . In fact, one of the longest wavelength DIBs at 1317.5 nm (Joblin et al. 1990) is in the proper range to be related potentially to the 1328 nm dipole-bound 1 1 A ← 1 1 A transition of C 3 H − , while the 604 nm valence 2 1 A ← 1 1 A transition is within 10 nm of more than a dozen known DIBs (Jenniskens & Desert 1994; Jenniskins & Désert 1995) . e Computed by Fortenberry & Crawford (2011b) .
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